Small proteins can fold remarkably rapidly, even in μs. What limits their rate of folding? The Engrailed homeodomain is a particularly well-characterized example, which folds ultrafast via an intermediate, I, of solved structure. It is a puzzle that the helix2-turn-helix3 motif of the 3-helix bundle forms in approximately 2 μs, but the final docking of preformed helix1 in I requires approximately 20 μs. Simulation and structural data suggest that nonnative interactions may slow down helix docking. Here we report the direct measurement of chain motions in I by using photoinduced electron transfer fluorescence-quenching correlation spectroscopy (PET-FCS). We use a mutant that traps I at physiological ionic strength but refolds at higher ionic strength. A single Trp in helix3 quenches the fluorescence of an extrinsic label on contact with it. We placed the label along the sequence to probe segmental chain motions. At high ionic strength, we found two relaxations for all probed positions on the 2-and 20-μs time scale, corresponding to the known folding processes, and a 200-ns phase attributable to loop closure kinetics in the unfolded state. At low ionic strength, we found only the 2-μs and 200-ns phase for labels in the helix2-turn-helix3 motif of I, because the native state is not significantly populated. But for labels in helix1 we observed an additional approximately 10-μs phase showing that it was moving slowly, with a rate constant similar to that for overall folding under native conditions. Folding was rate-limited by chain motions on a rough energy surface where nonnative interactions constrain motion.
Small proteins can fold remarkably rapidly, even in μs. What limits their rate of folding? The Engrailed homeodomain is a particularly well-characterized example, which folds ultrafast via an intermediate, I, of solved structure. It is a puzzle that the helix2-turn-helix3 motif of the 3-helix bundle forms in approximately 2 μs, but the final docking of preformed helix1 in I requires approximately 20 μs. Simulation and structural data suggest that nonnative interactions may slow down helix docking. Here we report the direct measurement of chain motions in I by using photoinduced electron transfer fluorescence-quenching correlation spectroscopy (PET-FCS). We use a mutant that traps I at physiological ionic strength but refolds at higher ionic strength. A single Trp in helix3 quenches the fluorescence of an extrinsic label on contact with it. We placed the label along the sequence to probe segmental chain motions. At high ionic strength, we found two relaxations for all probed positions on the 2-and 20-μs time scale, corresponding to the known folding processes, and a 200-ns phase attributable to loop closure kinetics in the unfolded state. At low ionic strength, we found only the 2-μs and 200-ns phase for labels in the helix2-turn-helix3 motif of I, because the native state is not significantly populated. But for labels in helix1 we observed an additional approximately 10-μs phase showing that it was moving slowly, with a rate constant similar to that for overall folding under native conditions. Folding was rate-limited by chain motions on a rough energy surface where nonnative interactions constrain motion. U ltrafast folding proteins fold at close to the limits expected for the rates of chain diffusion on an energy landscape (1, 2) . Measuring and understanding the underlying rate constants for these processes are fundamental to understanding the nature of protein-folding landscapes. Yet, because of the time regimes and difficulties in measuring these processes in proteins, data are scant (2) (3) (4) (5) . Drosphila melanogaster Engrailed homeodomain (EnHD) is a member of the homeodomain superfamily (6) . EnHD is a 61-residue three-helix bundle comprising a helixturn-helix motif, formed by helix 1 and helix 2 and a third helix docking onto the helix-turn-helix motif in perpendicular orientation. The protein folds in microseconds via the formation of a folding intermediate. Temperature jump (T-jump) experiments reveal biphasic kinetics on the 2-μs and 20-μs time scale corresponding to the formation of a folding intermediate and folding into the native state, respectively (7) (8) (9) . A single-point mutation (L16A) destabilizes the native state, N, so that at physiological ionic strength it predominantly takes up the structure of the on-pathway folding intermediate, I, of the wild-type protein in equilibrium with a small fraction of more highly denatured state, U (9, 10) . That intermediate of EnHD-L16A refolds at high salt concentrations, which shield repulsive positive charges in the protein. The simplified scheme of EnHD folding is: U ↔ I ↔ N.
Mutation L16A traps EnHD in the intermediate state along its folding pathway at physiological ionic strength, affording a rare, atomic-detailed structural characterization of a folding intermediate in solution by NMR spectroscopy (8) . The solution structure of I has the helix2-turn-helix3 motif of the native protein to be intact, but helix1 is longer and in an ill-defined position without nuclear Overhauser enhancements (NOEs) with the motif (8) (Fig. 1A) . The protein is poised to fold by a classical framework mechanism (11) . Surprisingly, the 20-μs folding time constant observed in relaxation experiments (7, 9) for the final docking of helix1 on the motif is 10 times larger than that for formation of the fully folded motif in the intermediate. The wealth of previous experimental data on EnHD combined with the use of a new technique, here, namely photoinduced electron transfer fluorescence-quenching correlation spectroscopy (PET-FCS) (12) , now allow a detailed analysis of rates of chain motions in a protein domain and show what is rate determining in the slow step of folding-the segmental motion of helix1.
Results
Design of a Fluorescence Reporter System for EnHD Chain Motions.
Oxazine fluorophores are quenched selectively by tryptophan (Trp) in proteins via photoinduced electron transfer (PET) from the Trp side chain to the fluorophore at van der Waals contact (13) . By placing fluorophore and Trp at selected sites in a protein, we can transform conformational fluctuations into fluorescence fluctuations. Fluorescence correlation spectroscopy (FCS) analyzes fluorescence fluctuations at equilibrium arising from individual molecules diffusing through a confocal detection volume by Brownian motion (14, 15) . By combining PET fluorescence quenching with FCS we can detect and analyze kinetics of protein chain motions and fast folding at equilibrium by correlation analysis (12, 16) .
EnHD contains a single Trp at sequence position 48, which is largely buried in the native protein but solvent exposed in the denatured state and folding intermediate. We introduced the oxazine fluorophore AttoOxa11 via cysteine/maleimide chemistry individually at eight selected sites spanning the sequence of EnHD (Fig. 1A) . The selection of sites for cysteine mutation was guided by protein structure analysis with the aim of minimizing perturbations. Measurements from far-UV circular dichroism (CD) spectroscopy suggested that the protein modifications did not perturb the folding equilibrium (Fig. S1) , as did the kinetic analysis below. We could then detect and analyze the rate constants of side chain collisions between individual sites along the sequence of EnHD and Trp48 using PET-FCS, in order to derive a picture of the protein's segmental chain motions during folding. We performed experiments at high and low solution ionic strength (2,000 mM and 145 mM, respectively) where previous studies have shown that the native state is either near-fully populated or the protein has insignificant native structure, respectively (8) . the approximately 2-ms passage through the confocal detection volume (Fig. 1B) . Data recorded from a mutant where Trp48 was replaced by phenylalanine (EnHD-L16A-W48F, Fig. S2 ) showed a single decay on the ms time scale in the ACF that reported on translational diffusion, demonstrating that AttoOxa11/ Trp48 fluorescence quenching was the exclusive origin of all additional sub-ms decays observed. The ACFs of EnHD-L16A were fitted to an FCS model containing the minimal number of exponential relaxations required to obtain randomly distributed residuals (Fig. 1B) . All ACFs recorded at high ionic strength required a fitting model for a single diffusing species with three independent, single-exponential relaxations (Materials and Methods). The observed relaxations were essentially independent of probe position. The first two relaxations occurred at approximately 20 μs and approximately 2 μs (Fig. 2) and could be assigned to folding and formation of the intermediate with observed rate constants of k I-N ¼ 55;000 AE 8;000 s −1 and k U-I ¼ 550;000 AE 80;000 s −1 , respectively, in agreement with quantities obtained from T-jump relaxation experiments of unlabeled wild-type EnHD (7) and mutant L16A (8, 9) ( Table 2 ). The probe at position 36 had kinetics significantly slower than values derived from all other positions and previous T-jump experiments (Table 1 ). This finding indicated a mutation-and/or probe-induced perturbation at this position, and so the data from this mutant were not used for quantitative analysis. We observed an additional relaxation of approximately 200 ns for all probe positions. Such a kinetic phase was observed previously in infrared (IR) T-jump experiments but remained unassigned (9) . The observed ns phase in PET-FCS is a signature of the unfolded state and reflects the rate constant of intrachain contact formation or loop closure, k U , in a coiled protein chain (16, 17) . Taking into account differences in flexibility of interior compared with terminal chain segments (18) , the observed loop closure kinetics resembled those determined for unfolded model peptides of similar size (19) . Loop closure within the C-terminal sequence part, however, was surprisingly slow (k U ðK55Þ ¼ ð2.1 AE 0.6Þ × 10 6 s −1 ) and might have resulted from some specific interactions introduced by the probe or local, transient formation of helical structure in the unfolded state of EnHD.
PET-FCS Experiments at Low Solution Ionic Strength. ACFs recorded at 145 mM ionic strength, where the native state is insignificantly populated and the protein predominantly the intermediate, differed from those recorded at high ionic strength (Fig. 1B) . ACFs fitted well to a model for a single diffusing species with either three, as at high salt, or now only two independent single-exponential relaxations, depending on the probed position. The kinetic parameters of all probe positions extracted from data fits are shown in Fig. 2 B and C and are summarized in Table 1 . (Fig. 1B) . The approximately 2-μs relaxation was in good agreement with kinetic quantities for formation of the intermediate determined previously at identical low ionic-strength solution conditions by T-jump spectroscopy (7, 9) ( Table 2 ). The additional third kinetic phase from probes at position 7, 10, 21, and 32 was of varying amplitude and appeared between 5 and 15 μs (Figs. 1B and 2 B and C) . This kinetic phase cannot result from overall folding because N was insignificantly populated at those solvent conditions (7, 8) . Far-UV CD spectroscopy showed that protein modifications did not restabilize the native state either (Fig. S1 ). The observed third relaxation occurred for residues in helix1, which is in an ill-defined orientation relative to the folded helix2-turn-helix3 motif in the intermediate as revealed by NMR spectroscopy (8) (Fig. 1A) . The amplitude of this relaxation increased as the probe was moved toward the N terminus, coinciding with the level of uncertainty with which the orientation of helix1 could be assigned by NMR spectroscopy due to the lack of NOEs (Figs 1 and 2C) . The corresponding observed rate constants, k I ¼ 60;000-150;000 s −1 , can thus be assigned to chain motions within the intermediate. k I was only slightly faster than the rate constant for overall folding that involves docking of helix1 onto the helix2-turn-helix3 motif (9) (Fig. 2 A and B and Table 1 ).
All three rate constants were affected by solvent viscosity: A 60% increase of viscosity, caused by the viscogen sucrose, lowered the rate constants by approximately 50% (Table 1 and Fig. S3A ), suggesting that the detected chain motions are diffusive.
Discussion
Proteins fold by chain diffusion on an energy surface (2). Conventional laboratory kinetics usually measures the overall rate determining steps in structure formation. Here, we measured, using PET-FCS, relaxation times at equilibrium of chain motions in EnHD, a protein of very well characterized folding pathway. The complete assignment of these relaxations to physical processes would not be possible on the basis of the FCS-PET data alone. But combining our previously published data from experiment and simulation with the new results from fluorescence fluctuation analysis on a series of mutants and structural perturbation by salt, we can assign the processes with confidence. Also, by making experiments on many mutants, we have built-in controls that should detect artefacts.
Previously, using laser T-jump methods on the folding of EnHD, we found two major events: the formation of the helix2-turn-helix3 motif, with 1∕k of approximately 2 μs and the docking of helix1 at approximately 20 μs, detectable from overall changes in Trp fluorescence and backbone IR absorption on folding. Experiments on the folding intermediate isolated the rate constant for formation of the helix2-turn-helix3 motif (9) . The 2-and 20-μs time constants determined here from substitutions at seven positions were in excellent agreement with those previously measured by T-jump monitored IR absorption on unmodified protein (Table 2) , allowing their assignment to the overall folding processes and also showing that the probes did not perturb the kinetics, apart from an eighth mutation at position 36. The very fast relaxation of 200-300 ns corresponds to chain motions in unfolded states (16) .
Whereas conventional T-jump experiments tend to detect the major rate determining processes associated with folding, PET-FCS monitors all intrachain processes that lead to contact between the dye and quencher. PET-FCS will detect relaxations in the unfolded state where the chain segments are free to diffuse, the relaxations arising from processes that lead to unfolding, and any quenching chain motions in folded or partly folded states. There were key observations from the effects of perturbation of folding equilibria by salt concentration on PET-FCS. (i) At high ionic strength where EnHD-L16A is predominantly folded there were in all cases three relaxations that corresponded to fluorescence quenching in the unfolded state via the slow undocking of helix1 in 20 μs, followed by the unfolding of the helix2-turn-helix3-motif in 2 μs and intrachain collisions in the unfolded state in 200-300 ns. (ii) At low ionic strength EnHD-L16A has helix1 undocked and just the helix2-turn-helix3-motif as welldefined tertiary fold. For residues in the native-like parts of the helix2-turn-helix3-motif, just the 2-μs and 200-300-ns relaxations were observed, as expected. But (iii) residues in helix1, the N terminus, and the plastic region between helix1 and helix2 had, at low ionic strength, an approximately 10-μs relaxation. That process must clearly arise from segmental motions that allow quenching in the folding intermediate from collisions of the probe at various positions with Trp48.
The 10-μs time constant for that motion is very similar to that for the docking of helix1 under conditions where the protein is folded. The time constant for docking appears, therefore, to be that for the segmental diffusion of helix1 over the energy surface. It is evident from NMR that some nonnative interactions have to be broken for helix1 to be able to dock onto the preformed helix2-turn-helix3 motif in order to fold (8) . The C-terminal end of helix1 and the N-terminal end of helix2 are elongated and shortened, respectively, in the intermediate compared to the native structure. Both structural elements contain nonnative contacts and have to refold in the intermediate in order to form a turn in native EnHD (8) (Figs. 1A and 2C ). This local refolding event rationalizes the appearance of additional kinetics at sequence positions 21 and 32 in the folding intermediate, which frame the refolding segment, showing that these sites are mobile. We note that we avoided modifications within the corresponding segment because they introduce substantial energetic perturbations (7). Further, the comparatively slow time constant of chain motions of helix1 within the intermediate, initiating folding under native conditions, can be explained by breaking of the nonnative interactions. This interpretation is also supported by very recent computer simulations (20) .
We can now fill in the kinetic data in refined detail to add to the structural information found from NMR, ϕ-analysis, and atomistic simulation. The elementary events during folding of EnHD are illustrated in a simplified free-energy profile in Fig. 3 . Folding starts by diffusive chain motions on the 200-ns time scale within a largely unfolded protein, followed by cooperative formation of Values measured in low ionic-strength solution containing 15% ðw∕vÞ sucrose as viscogen. Sucrose did not induce any detectable structural perturbation in EnHD-L16A as judged by far-UV CD spectroscopy (Fig. S3B) . n.o.: not observed-fits to two exponentials. 
Materials and Methods
Protein Synthesis and Modification. EnHD was overexpressed in Escherichia coli C41 (DE3) cells and purified as described elsewhere (10) . Single-point cysteine mutants of EnHD-L16A were modified using the maleimide derivative of the fluorophore AttoOxa11 (Atto-Tec GmbH). An eight-fold molar excess of fluorophore yielded quantitative modification. Labeling reactions were carried out for 2 h at 25°C in 50 mM 3-(morpholino)propane-sulfonic acid (MOPS), pH 7.0, containing 6 M GdmCl, and a 10-fold molar excess of tris (2-carboxyethyl)phosphine (TCEP) to prevent oxidation of cysteine side chains. Labeled protein was purified to homogeneity using size-exclusion chromatography.
Sample Preparation and Bulk Measurements. All measurements were performed at 25°C in filtered solutions (0.22 μm syringe filters) containing 50 mM sodium acetate, pH 5.7, with the solution ionic strength adjusted to 145 mM (low salt) or 2,000 mM (high salt) using sodium chloride. Far-UV CD spectra of 10-μM protein samples were recorded on a thermostatted Jasco J-815 spectropolarimeter. Solution viscosities were measured using an automated, thermostatted falling-ball micro-viscometer (Anton Paar).
PET-FCS. PET-FCS experiments were performed on a home-built, confocal fluorescence microscope setup. The setup consisted of a Nikon Eclipse TE2000-U microscope body equipped with a high numerical aperture objective lens (Nikon, Plan Apo VC 60x/1.40 oil) and a He-Ne laser at 633 nm (Melles Griot) as excitation source. The excitation power was adjusted to 400 μW before entering the back aperture of the lens, low enough to prevent photo-physical artefacts in the ACFs. The temperature was adjusted to 25°C using a custom-built objective-type heater. The fluorescence signal of the sample was collected by the same objective lens and optically and spatially filtered using a dichroic mirror (Semrock, BrightLine FF 494/540/650), a 150-μm pinhole, and a long-pass cut-off filter (Semrock, RazorEdge 647 nm). A 50% cubic, nonpolarizing beam splitter (ThorLabs) was used to partition fluorescence photons between two fiber-coupled avalanche photo-diode detectors (Perkin Elmer, SPCM-AQR-15-FC) to overcome detector dead time and after-pulsing effects in ns experiments. ACFs were recorded in the crosscorrelation mode using a digital hardware correlator device (Flex02-01D, Correlator.com). Sample/glass surface interactions in LabTek sample chambers (Nunc) were suppressed by surface passivation using poly-L-lysine hydrobromide (Sigma-Aldrich), and 0.3 mg∕ml BSA and 0.05% Tween-20 as additives in buffered solutions containing 1 nM labeled protein. The accumulated measurement time for each dataset was 30 min.
ACFs, GðτÞ, were fitted to a model for a diffusion in two dimensions of a single species with either two or three additional single-exponential relaxations (21, 22) :
þ Σ n a n expð−τ∕τ n ÞÞ;
where τ is the lag time, N is the average number of molecules in the detection focus, τ D is the translational diffusion time constant, and a n and τ n are observed amplitude and time constant, respectively, of the nth relaxation. For a two-and a three-exponential model, n is 2 and 3. A two-dimensional model for translational diffusion is of sufficient accuracy for detection foci where the horizontal dimension (x, y) is much smaller than the lateral (z) one, which was the case in the used setup. All ACFs shown in Fig. 1 are normalized to N for reasons of clarity. Fig. 3 . Simplified free-energy profile of EnHD folding. A two-dimensional projection of the free-energy surface is shown along an arbitrary reaction coordinate, r. Kinetics accessible to conventional relaxation experiments are illustrated as black arrows. Chain motions within populated states detected by PET-FCS are illustrated as broken black arrows. At low solution ionic strength EnHD-L16A is trapped in the denatured state ensemble, comprising U and I.
